breeding objectives is to enhance the composition of maize grain as a source of energy, protein, oil, amino acids, and minerals for human food, animal feed, or industrial applications (Prasanna et al., 2001; Wang et al., 2012) .
Although there are differences in physical and biochemical kernel traits among modern maize varieties, variation in these traits is relatively consistent within varieties as compared to variation among varieties and substantially smaller compared to variation found in landraces and open-pollinated varieties (Seebauer et al., 2010; Skogerson et al., 2010) . Concentrations of quality traits, especially protein, are more diluted in kernels of modern high-yielding varieties as compared to those of landraces and old open-pollinated varieties (Fufa et al., 2003; Seebauer et al., 2010) . The limited nutritional quality of maize protein, especially for monogastric animals, is attributed to deficiencies of a few essential amino acids (Flint-Garcia et al., 2009 ). Protein and oil contents usually are inversely related to each other and to starch content. Starch content is the least variable macromolecule in the maize kernel (CV = 2 to 3%) regardless of N application (Miao et al., 2006) ; this characteristic makes it difficult to manipulate the contents of macro-(protein and oil) and micromolecules (amino acids) and other quality traits (macro-and micronutrients). Starch types (amylose vs. amylopectine) can influence the physical characteristics and digestibility of maize kernels. High-oil maize (>6.0%), for example, can be a valuable livestock feed due to its high energy value and potential for replacing more expensive dietary sources of fats and proteins (Thomison et al., 2003) . Although high protein content can reduce proteinrich additives in animal rations, its highly developed matrix within the endosperm may interfere with starch digestibility (Prandini et al., 2011) .
Key physical, biochemical, and nutrient traits of the maize kernel, besides being critical factors that can affect the early development and vigor of maize seedlings, have been exploited by traditional (Salhuana et al., 1998) and advanced breeding and selection methods (Scott et al., 2008) in developing varieties with high food and feed nutritional quality. New genetic resources for quality traits and in-depth understanding of the genetic diversity and interrelationships between and within groups of quality and physical traits are becoming increasingly important as a result of genetic erosion of maize landraces and open-pollinated varieties (Jaradat et al., 2010) . The use of such genetic resources to develop maize varieties with superior protein quality (Reeves and Cassady, 2002) and oil content (Thomison et al., 2003) were among the most important achievements of maize breeding research during the second half of the 20th century.
Several reports (Singh et al., 2011; Shiferaw et al., 2011) indicated that the majority of recently developed maize inbred lines in the United States and Canada are the products of breeding programs based on a highly stratified, narrowbased, and closed germplasm base. More heterogeneous and heterozygous maize varieties are needed to provide genetically broad-based populations as sources of quality traits (TaboadaGaytan et al., 2010) . Characterizing relevant germplasm pools, understanding the structure of their diversity, and elucidating interrelationships between and within physicalbiochemical-nutrient-color traits should lead to enhanced germplasm use for the improvement of nutritional quality of maize Mittelmann et al., 2011) .
The germplasm comprising 1348 accessions derived from 13 populations in a breeding program to develop maize varieties with high protein quality and competitive agronomic traits was used in a comprehensive evaluation of 31 kernel-based traits. The objective of the study was to identify sources of variation, analyze genetic diversity, and quantify multivariate relationships between several physical, biochemical, nutrient, and color traits in the maize kernel.
MATERIALS AND METHODS

Germplasm Description
A breeding and selection program was initiated at Michael Fields Agricultural Institute (MFAI) (42°46´56.06˝ N, 88°25´65˝ W) in 1989 to develop modern open pollinated maize varieties. In 2001, the objective was modified to include developing highquality maize varieties with enhanced levels of protein and the essential amino acid methionine, in addition to cysteine and lysine. The overall breeding strategy was to develop two separate heterotic groups with protein quality that may be used for producing high-yielding hybrids. The stiff stalk but not the non-stiff stalk heterotic group contained appreciable inheritance from the Iowa Stiff Stalk Synthetic (BSSS) population (Olsen et al., 2003) . To represent the ongoing program, we sampled a set of 1348 breeding lines (accessions) from 13 populations grown in 2008 (Table 1) . Seventy-six percent of the lines were obtained from nurseries planted in Elkhorn, WI, in 2008. Three of these nurseries from which 70% of the lines were obtained were sequential plantings on the MFAI farm on a Sebewa (typic Argiaquoll, fine, loamy over sandy skeletal, noncalcareous, mixed, mesic). Five percent of the lines were grown on a small nursery located 7 km south of that farm on McHenry (typic Hapludolf, fine, loamy, mixed, mesic) soil. Some 68% of the breeding lines from AR16021:B73 and CH05015-Mo17 and 38% of the lines from Nokomis Gold (NG) were grown in Ames, IA, at the Iowa State University (ISU) farm in 2008 by the USDA-ARS (L. Pollak, personal communication, 2008 ) on a Nicollet loam (fine loamy, mixed, superactive, mesic Aquic Hapludoll) with the rest grown at the MFAI nursery. Land used for all trials was organically certified with the exception of the small MFAI nursery, and organic management was applied to all nurseries in 2008. The whole germplasm was classified (Table 1) according to parentage, endosperm type, affinity to heterotic groups, and level of inbreeding or selfing (S1 to S4 indicate the number of selfed generations). Progressive selection for opaque kernels coupled with selfing led to an increase in the proportion of opaque kernels.
The germplasm was unbalanced as to the number of accessions within each combination of parentage, level of inbreeding, and endosperm type. There were 826 and 522 non-stiff stalk and stiff stalk genotypes, respectively, and 496 and 852 genotypes with opaque and translucent kernels, respectively. Number of genotypes within populations ranged from three with opaque and three with translucent kernels in NG-Mo508-Mo506 to 117 with translucent kernels in DKXL370-S11. The genotypes DKXL370 and N11a were each part of the parentage of three of the crosses tested. Four parents (two male and two female) were involved in developing six populations; three parents (two female and one male) were involved in developing six more populations. The population NG was the only one with no additional parentage in its pedigree; it was developed from Native American maize varieties at MFAI. Although NG appears to combine well with stiff stalk and non-stiff stalk testers (J. Golden, personal communication, 2005) we classified it as a non-stiff stalk because it has no BSSS component in its background (Olsen et al., 2003) . Some of these populations were derivatives of crosses made by the Germplasm Enhancement of Maize (GEM) project (www. public.iastate.edu/~usda-gem/), whose objective was to introgress the diversity associated with exotic maize into commercial, Corn Belt Dent, stiff stalk, and non-stiff stalk backgrounds.
Non-Stiff Stalk Germplasm
1895-DKXL212-N11a
The selection 1895 is an opaque, high methionine selection derived from the GEM program inbred DKXL370:N11-B-029-002 GEMN-0133 (USDA-ARS, 2013b). The GEMN-0133 inbred was derived at North Carolina State University from a cross between the Brazilian hybrid DKXL370 from the DeKalb Company with a non-stiff stalk inbred from a commercial company number "11" (M. Goodman, personal communication, 2009 ). The selection DKXL212:N11a is a high methionine, vitreous endosperm selection from the unreleased GEM program inbred DKXL212:N11a-139-1-1 (USDA-ARS, 2013b). The latter inbred was developed at the University of Delaware from a cross between a Brazilian inbred DKXL212 from the DeKalb company with a non-stiff stalk inbred "a" from commercial company number "11" (J. Hawk, personal communication, 2009 ). Early segregates from the cross between 1895 and DKXL212:N11a-139-1-1 were sib mated for two seasons and self-pollinated in the third season; the opaque phenotype in this population is associated with reduction in kernel weight.
CH05015-Mo17
This is a family of derivatives of the first backcross between an accession of the Chilean Cateto landrace Camelia CHZM 05 015 (PI 467165) with the inbred Mo17 as the recurrent parent. The original Chilean accession is characterized as having good agronomic traits and relatively good combining ability for yield (Salhuana et al., 1998) and has a bright orange color (USDA-ARS, 2013c) that is probably associated with a high carotenoid content (Kuhnen et al., 2011) .
GQ-N16-N12
This is a family of derivatives directly derived from an unreleased F 1 hybrid from the GEM program called Gold Queen N1612. The cross between an older Corn Belt landrace called Gold Queen and a non-stiff stalk inbred from commercial company number "16" was subsequently crossed with another non-stiff stalk inbred from company number "12." Lines derived from this cross showed high protein and essential amino acid contents. 
DKXL370-N11a-N20
This is a family of derivatives directly derived from an unreleased F 1 hybrid from the GEM program. The cross was between a Brazilian hybrid from the DeKalb company (DKXL370) with a non-stiff stalk inbred "a" from commercial company number "11," which was subsequently crossed with another non-stiff stalk inbred from company number "20." Lines derived from this cross showed high protein and essential amino acid contents.
DKXL888-N11a-N17
This is a family of derivatives directly derived from an unreleased F 1 hybrid from the GEM program. The cross was between a Thai hybrid from the DeKalb company (DKXL888) with a nonstiff stalk inbred "a" from a commercial company number "11," which was subsequently crossed with another non-stiff stalk inbred from company number "17." Lines derived from this cross showed high protein and essential amino acid contents.
LH82-AR16021
The inbred LH82 was developed by the Holden's Seed Company (PI 601170). Its pedigree is 610 × LH7 (LH7 is a derivative of W153R, which is a selection from the population Minnesota 13 [Gerdes et al., 1993] ) (Plant Variety Protection certificate in 1984 for LH82 #8500037; USDA-AMS, 2013b). The AR16021 is a family of selections derived from the Argentinean accession ARZM 16 021 (PI 516022; landrace Cristalino Colorado). This accession was characterized by the Latin American Maize Project as having good yield and combining ability with testers (Salhuana et al., 1998) . It was subjected to four growing seasons of half-sib selection at MFAI with primary selection practiced for adaptation (earliness, per se yield, disease resistance, and stalk and root strength). Pollen from a bulk of the resulting lines was crossed with LH82. The genetic source of the opaque trait is probably associated with the Argentinean accession as occasional floury kernels were found in the population during the half-sib selection process.
Mo42-N220A
The Mo42 (Ames 20120) is a third cycle derivative of the cross between Mo17 × C103 (USDA-ARS, 2013a), which are inbreds belonging largely to the Lancaster heterotic group. The N220A is a derivative of Mo17 from the University of Nebraska Research Station. In this study, we tested S1 lines derived from F 2 segregates of the cross. The opaque trait was observed in Mo42 and in the offspring of this cross.
Nokomis Gold
Nokomis Gold is a population was derived from Hopi Flour maize obtained from the Hopi Indian Reservation, Hopi, AZ (35°54′17.58″ N, 110°37′00.81″ W), with smaller contributions from Zuni Blue maize (PI 213799) and from crosses between Navajo Eagle maize (PI 222285) with Aren's synthetic (a prolific synthetic developed by the late Albert Arens of Hartington, NE). The population NG was released for use by farmers in 1998, but selection continued since then at MFAI. The initial half-sib selection program emphasized stalk and root strength and grain yield but in later years the program shifted to inbred line development to combine agronomic traits and grain kernel quality.
NG-Mo508-Mo506
The Mo506 and Mo508 are white maize lines developed at USDA-ARS, Columbia, MO (L. Darrah, personal communication, 2005) . These lines are backcross introgressions of the gene Ga1S into K6 and K30, respectively (Gerdes et al., 1993 
CHIS740-S14-S12
This is a family of derivatives directly derived from an unreleased F 1 hybrid from the GEM program called CHIS740:S1412. The cross was made between Mexican landrace CHIS740 from Chiapas (PI 583890) identified as a derivative of the landrace Tuxpeno and a stiff stalk inbred from commercial company "14," which was subsequently crossed with another non-stiff stalk inbred from company number "12." The Mexican landrace has white translucent kernels and high combining ability for yield. The seed derived from this cross was selected for high carotenoid content. Lines were subsequently selected for high protein, essential amino acid contents, and opaque kernels, the genetic source of which is unknown.
DKXL370-S11
This is a family of derivatives from a single ear selection from an S3 grow-out of a GEM breeding line GEMS-0029 (PI 639054). The GEM inbred was derived by Major Goodman at North Carolina State University from a cross between a Brazilian hybrid DKXL370 from the DeKalb Company with a stiff stalk inbred from a commercial company number "11." A single S1 selection was characterized as having a high carotenoid and methionine content. Breeding lines derived from this selection were further selected for earliness, good agronomic traits, and grain quality with several cycles of inbreeding followed by recombination. The genetic source of the opaque trait is unknown.
LH119-AR16035
The inbred LH119 was developed by the Holden's Seed Company (PI 600954 
Kernel Physical Measurements
Ten kernels each of 1348 germplasm accessions were taken at random from a larger sample and their weight was recorded before further analyses. Digital imagery and analysis procedures (Rasband, 2007; Igathinathane et al., 2008) were used to capture and analyze morphological traits of individual maize kernels (i.e., area, perimeter, width, length, major axis, minor axis, and circularity). The 10 kernels per accession and a scale (1.0 cm in length) were manually positioned on a platform to ensure that kernels were totally separated and their embryos were facing up. They were then digitally photographed using a Nikon D70S digital camera with 1504 by 1000 pixel resolutions. The number of kernels per image was verified by the number of objects generated by the ImageJ software program (Igathinathane et al., 2008) . Kernel density (i.e., mass of kernels in a defined volume) was measured using a pycnometer. The lower densities were considered to be softer (Fox and Manley, 2009 ). The method depends on moisture content of the kernels; therefore, densities were estimated at similar moisture contents.
Kernel Biochemical Analyses
The near-infrared spectroscopy (NIRS) analyses reported in this paper resulted from analyzing 1348 kernel samples at MFAI with the Bruins OmegAnalyzerG (Bruins Instruments) equipped with calibrations for moisture, protein, oil, starch, methionine, lysine, and cysteine and/or cystine from the ISU Grain Testing Laboratory. The technique provides a basis for comparison of an unknown sample to a well-characterized control. In analyzing these macromolecules, the calibrations are based on multivariate and multiple wavelength calibration technique of chemometrics (Osborne, 2001; Hacisalihoglu et al., 2010) . In this procedure, prediction models are developed for each macromolecule as dependent variable while the reduced spectral data are used as independent variables. This step is performed after principal components analysis (PCA) is performed on the spectral data. Over a 2-yr period, kernel samples from the MFAI research program on high-protein maize were scanned with NIRS technology and spectra were collected and NIRS-based calibrations were developed at the ISU Grain Testing Laboratory, Ames, IA. In each year, 100 of the most spectrally diverse samples were then sent to University of Missouri Agriculture Experiment Station Chemical Laboratory to determine amino acid contents using high pressure liquid chromatography. Prediction and validation models for the wet chemistry and spectral data were developed on the basis of artificial neural network (ANN) and partial least squares (PLS) option in the nonlinear iterative partial least squares (NIPALS) module in a multivariate software program (The Unscrambler software, version 10.1; CAMO, 2011). Crossvalidation in PLS was performed by removing each sample from the calibration dataset, and a model was then calibrated on the remaining data points. The value for each removed sample was predicted, and the prediction residual was estimated. The validation residual variance and root mean square error of the crossvalidation process were calculated after combining all prediction residuals. The standard error of calibration, the coefficient of determination in calibration, and the root mean square error of cross validation were used in evaluating the predictive ability and goodness of fit of the models.
The NIRS-based validation models estimated cysteine, lysine, and methionine with validation coefficient of determination ( 
Kernel Nutrients Analyses
Kernel samples were dried at 45°C in a forced air oven until no further reduction in weight occurred. Kernels were ground and placed through a 1-mm screen (Thomas Scientific) and then one subsample was used to determine C and N and another to determine macro-and micronutrients. Carbon and N were determined using a LECO FP-428 analyzer and then the C:N ratio was calculated. Digestion of kernel ground material for macro-and micronutrient (Ca, Cu, Fe, K, Mg, Mn, P, S, and Zn) determination followed the procedure outlined in the USEPA 5051 method (USEPA, 2007) . We adapted this procedure using the Mars Xpress Microwave System from CEM Corp. sample preparation note XprAg-1. The procedure uses 55-mL Teflon tubes in a 40-unit carousel. A 0.5-g sample weight was digested with 6.5 mL HNO 3 (70% trace material analysis) using a 15 min ramp program set to a power maximum of 1200 W and held for 15 min. The samples then were allowed to cool to room temperature and then transferred to 50-mL volumetric flasks and taken to volume with Milli-Q water (Millipore Corp.). Chemical analyses were completed using the Varian Vista-Pro CCD (charged coupled device) (Varian Inc.) Simultaneous ICP-OES (inductively coupled plasma-optical emission spectroscopy) instrument. The elemental standards "MNUSDA-STD 1A" and "MNUSDA-STD 2 were prepared according to Inorganic Ventures, Lakewood, NJ.
Kernel Color Analyses
The three-dimensional red-green-blue color space of each of 1348 samples were used to estimate their L*a*b* color space 
Statistical Analyses
Hierarchical Cluster Analysis
Separate and two-way joint hierarchical clustering of 31 kernel traits and 13 maize populations were performed using Euclidean distance and the unweighted pair group method with arithmetic average (UPGMA) linkage clustering procedure (StatSoft, 2011) . The two-way joint data was transformed to develop a ±1.0 scale, which then was used to color code the joint clustering of populations and kernel traits ( Fig. 1 ) and to identify populations with preferred levels of single or multiple traits (Cañas et al., 2011) .
Principal Components Analysis
We used PCA on the standardized means of quantitative traits as a linear dimensionality reduction technique to identify orthogonal directions of maximum variance (at the prediction [R 2 ] and validation [Q 2 ] phases of model building) in the original data set, including populations, classification criteria (i.e., endosperm type, heterotic groups, and inbreeding stage), and kernel physical, biochemical, nutrient, and color data. The data was projected into the first principal component (PC1) and PC2 orthogonal dimensions. Correlations between the initial traits and each of these PCs (i.e., loadings) were used to interpret results of the analysis (Payne et al., 2007) . Separate PCAs were performed for each group of traits (i.e., kernel physical, biochemical, and nutrient traits) and then we estimated the correlation coefficients between individual traits in the remaining groups and each PC.
Variance Components Analyses
Percent variance and its level of significance (p) due to main effects of five sources of variation (i.e., populations, genotypes within populations, endosperm type, heterotic groups, and inbreeding stage), least squares mean, and coefficient of variation (CV %) for kernel physical, biochemical, nutrient, and color traits were estimated using GenStat version 10.1 (Payne et al., 2007) . Single degree of freedom contrasts (in the case of endosperm types and heterotic groups) or mean separation (in the case of inbreeding stage) at the 5% level of probability were used to identify significant differences between categories of each source of variation.
Diversity Analysis
The mean and SD calculated for each of 31 kernel physical, biochemical, nutrient, and color traits listed in Fig. 1 were used to classify each accession into one of three discrete categories: low, medium, or high. If a trait value was equal to or 1 SD less than the mean, it was classified as "low"; if it was equal to or higher than the mean plus 1 SD, it was classified as "high"; otherwise it was classified as "medium" (Zar, 1996) . The frequency data was used according to Yeh et al. (2000) in estimating total diversity (Ht) and its components, that is, diversity within populations (Hs) and population differentiation (Gst). Statistical moments and correlation and regression coefficients describing the relationships between these diversity components and their level of significance were estimated (StatSoft, 2011) .
RESULTS
Cluster Analyses
The UPGMA hierarchical clustering procedure totally separated the 13 maize populations into two groups, each of which displayed Euclidean distances between 15 and 45% ( Fig.  1 ). The first group was composed of one non-stiff stalk and three stiff stalk populations. The second group was composed of eight non-stiff stalk and one stiff stalk populations. In this group, two non-stiff stalk populations (DKXL370-N11a-N20 and NG-Mo508-Mo506) were totally separated from the rest. The UPGMA hierarchical clustering procedure also separated starch and C:N from the remaining kernel traits, which were separated into two groups at the 60% Euclidian distance. Eight nutrients (N, S, Mg, Mn, P, C, Fe, and Zn) and all three essential amino acids (lysine, cysteine, and methionine) were closely clustered with protein. Oil, in addition to three nutrients (K, Ca, and Cu), clustered with the kernel physical and color traits. However, these traits can be separated into three groups at about 40% Euclidean distance.
The joint clustering procedure indicated that four populations (1895-DK212-N11a, AR16021-B73, LH119-AR16035, and DKXL370-S11) (Fig. 1) differed from the remaining populations by having lower than average content of starch, C:N, lysine, Mg, Mn, P, Fe, and Zn and larger values for kernel moisture and kernel density. Population-trait groupings can be identified on the basis of the color-coded joint clustering procedure. Two populations (LH82-AR16021 and Mo42-N220A) have above mean values for oil, two color descriptors (L* and b*), two nutrients (Ca and Cu), and five (weight, area, width, major axis, and circularity) kernel physical traits. On the other hand, a single population (NG-Mo508-Mo506) had below average N, protein, and cysteine but above average methionine and S, and all populations in this group had kernels with below average minor axis, with one exception, and heavier kernels than the remaining populations.
Principal Components Analyses
Calibration (R 2 ) and validation (Q 2 ) variances explained by the PC1 and PC2 derived from the 13 maize populations, three categorical descriptors (endosperm type, heterotic groups, and inbreeding status), and 31 kernel physical, biochemical, chemical, and color traits measured on kernel samples of maize populations are presented in Fig. 2 . At the calibration phase, PC1 and PC2 explained 0.47 and 0.23 of total variation, respectively, and 0.36 and 0.18 of total variation, respectively, at the validation phase of model building. Populations were separated into four groups (I-IV) along PC1 and PC2, with large positive (AR16021-B73) or negative (CH05015-Mo17) loadings or small positive (GQ-N16-N12) or negative (NG) loadings on PC1, which explained 50% more variation than PC2 at the validation stage of model building. The population NG-Mo508-Mo506 differed from the rest by having negative and positive loading on PC1 and PC2, respectively. The inbreeding stage and heterotic groups contributed the least amount of variation to both PCs followed by endosperm types. Calcium and Cu had the smallest loadings as compared with the remaining nutrients. The trait-population associations in each of the four quadrants (I-IV) (Fig. 2) suggested that populations in quadrants I and II, as compared to those in quadrants III and IV, have larger kernels, mostly with translucent endosperm, and higher starch, C:N, and oil contents. Conversely, populations in quadrants III and IV have smaller kernels, mostly with opaque endosperm, and larger protein, amino acids, and nutrient contents.
Each of L*, a*, and b* had unique loadings on both PCs (Fig. 2) . The dark-light (L*) descriptor had large positive and negative loadings on PC1 and PC2, respectively, and the red-green (a*) descriptor had relatively smaller negative and larger positive loading on PC1 and PC2, respectively, while the yellow-blue (b*) descriptor had intermediate positive loadings on both PCs. The positive associations between L* and b* on PC1 and between a* and b* on PC2 suggest that the kernel color patterns are complex and singly or in combination are disassociated from or associated with different populations and with different levels of kernel physical, nutrient, and biochemical traits. Significant (p < 0.05) cumulative validation variance (Q 2 ), loadings (underscored) on and significant (p < 0.05) correlation coefficients (in italics) with the first three PCs derived from kernel physical, biochemical, nutrient, and color traits of maize populations are presented in Table 2 . All listed loadings (i.e., correlation coefficients between traits and their respective PC) and correlation coefficients between traits and PCs, other than the ones they contribute to, are significant at the 5% level of probability. Three PCs explained cumulative 0.77, 0.86, and 0.62 of total variation at the validation stage in kernel physical, biochemical, and nutrient traits, respectively. The first PC in each case explained more than 50% of that variation and displayed positive loadings of kernel physical and nutrient traits on their respective PC1 and positive loadings of starch and C:N on PC1 of biochemical traits. Different trait combinations contributed to additional 0.15, 0.18, and 0.11 of variation explained by PC2 in kernel physical, biochemical, and nutrient traits, respectively, and the respective contribution of PC3 were 0.09, 0.07, and 0.07. Each PC described one or more characteristics of kernel physical, biochemical, or nutrient traits. None of the kernel physical traits were correlated with the first PC derived from biochemical traits (PC1 derived from biochemical traits). Kernel weight and density were the only traits negatively correlated with PC2 derived from biochemical traits, and all kernel physical traits (except circularity) were positively correlated with PC3 derived from biochemical traits. Kernel moisture was the only biochemical trait correlated with PC1 derived from physical traits; different combinations of biochemical traits were positively and negatively correlated with PC2 and PC3 derived from physical traits. Protein, cysteine, lysine, and methionine were positively and negatively correlated with the PC1 and PC2 derived from nutrients, respectively. Starch and C:N exhibited opposite correlations with PCs derived from nutrients, and none of the nutrients was correlated with PC3, which was only defined by calcium and explained 0.07 of total variation in nutrient composition of maize kernels. Potassium was the only nutrient negatively correlated with PC1 and PC2 derived from physical traits and positively correlated with PC2 derived from biochemical traits. The remaining nutrients, except Ca, Cu, and Fe, were negatively correlated with PC1 or with PC3 derived from biochemical traits. The three color space descriptors contributed to both PCs (Fig. 2) and displayed different positive or negative correlations with PC1 and PC2 derived from kernel physical and biochemical traits but not with PCs derived from nutrient traits.
Variance Components Analyses
A wide range of total percent variance, explained by the main effects of all five variance components, was found for kernel physical traits (Table 3) . Differences between endosperm types contributed the most to the smallest variance (23.0% for kernel circularity) and differences between populations contributed the most to the largest (84.2% for kernel density) total variance. Differences between populations but not between genotypes within populations explained the largest portions of variances in all kernel physical traits. The level of variation, at the population level, expressed as a percentage of the mean (i.e., CV) ranged from 4.1% for kernel density to 18.5% for kernel weight.
Means of the kernel physical traits of opaque and translucent endosperm types differed significantly, with the translucent type having significantly larger values of all traits except kernel circularity. However, variances explained by these differences were generally small and largely nonsignificant, except for kernel weight and kernel density. Percent variances due to differences between stiff and non-stiff stalk heterotic groups were small in magnitude (<3.9%) with the only significant mean differences found for kernel weight, which displayed a larger CV value for stiff stalk (21.2%) than for the non-stiff stalk (16.2%) heterotic groups. Percent variance explained by differences between inbreeding stage (including selfing and open-pollinated germplasm) were all significant. They constituted the second largest variances (10.5-29.4%) after those explained by differences between populations. Kernel density was an exception where variances explained by differences between endosperm types (33.2%) and between genotypes within population (27.2%) had the largest variances. The open-pollinated or S4 germplasm had significantly larger mean values for all kernel physical traits, except kernel density (open-pollinated) and circularity (S4).
The smallest (57.9%) and the largest (90.2%) total variances in biochemical traits were found for C:N and kernel moisture content (Table 4) . Differences between genotypes and differences between endosperm types contributed the most to total variance of the C:N (28.8%) and kernel moisture (31.9%), respectively. Variances due to differences between populations were significant but were not the largest (except for protein; 12.8%) as compared to those due to differences between endosperm types (kernel moisture, lysine, and oil content) or to those due to inbreeding stage (methionine, cysteine, starch, and C:N). Variances due to differences between genotypes within populations were either marginally significant (kernel moisture, p = 0.08, and lysine, p = 0.08) or not significant (remaining traits); however, a few of these variances (e.g., kernel moisture, 22.5%, and lysine, 33.8%) were large in magnitude. Although both endosperm types did not differ significantly in their protein content, kernels with opaque endosperm had significantly larger mean values of lysine, methionine, oil, and C:N than translucent types while the latter had significantly larger mean values for kernel moisture, cysteine, and starch content.
Variances due to heterotic groups were very small (<3.2%) and nonsignificant with only significant differences in kernel moisture and lysine content. Variances due to the level of inbreeding were all significant and resulted in significant mean differences for all biochemical traits. The advanced inbreeding stage (S4) had significantly larger mean values for kernel moisture, protein, cysteine, lysine, and methionine. With the exception of starch content (CV = 2.89%), the remaining biochemical traits displayed small to relatively large CV values (9.46-26.5%) at the population level; these values were similar in magnitude to those displayed by the remaining sources of variation except inbreeding stage. Small differences between CV values at different inbreeding stages were found for kernel moisture content, cysteine, lysine, methionine, and oil content but larger differences were found for protein and C:N.
Six nutrients (C, K, Mg, Mn, P, and S) had more than 50% of their total variances explained by all five main sources of variation (Table 5) . Calcium had the smallest total variance (19.7%) and K the largest (62.3%) whereas the remaining nutrients had intermediate values.
Differences between populations contributed the most to total variances in Ca, Fe, K, P, and Zn while differences due to level of inbreeding contributed the most, in a decreasing order, to variances in S, Mg, Mn, P, Fe, and N. At the population level, extremely small and large values were found for C (0.72%) and Cu (82.3%). However, except for Ca (CV = 40.4%), the remaining CV values ranged from 10.8% for Mg to 27.7% for Fe. Variances due to differences between genotypes within populations were significant for C, Mg, P, and S, marginally significant for N, Ca, and Mn, and nonsignificant for Cu, Fe, K, and Zn. Variances due to endosperm types were small (<3.6%), except for C (4.2%; p = 0.06) and K (12.1%; p = 0.02). Kernels with opaque endosperm had significantly larger C, N, K, Mg, Mn, and P contents, but there were no significant differences between opaque and translucent endosperm types for the remaining nutrients.
All variances attributed to differences between heterotic groups were extremely small (<3.2%) and nonsignificant. Similarly, differences between their respective means of stiff stalk and non-stiff stalk heterotic groups for all nutrients were not significant and their CV values were comparable to those found for populations. Variances due to level of inbreeding were relatively large and significant for all nutrients except Ca; likewise, significant differences for different levels of inbreeding were found between mean values of all nutrients, except Ca. Largest nutrient contents for different nutrients were mostly found at the advanced inbreeding stages (e.g., S3 for Cu, Fe, and K and S4 for N, Mg, Mn, and S).
Total variances for kernel color space descriptors (L*, 94.3%, a*, 82.4%, and b*, 90.7%) were larger than variances for kernel physical, biochemical, and nutrient traits (Table  6) . At the population level, the L* descriptor displayed the smallest (CV = 3.2%), b* displayed an intermediate (CV = 10.9%), and a* the largest (CV = 16.07%) level of variation. Differences between inbreeding stages contributed the largest to total variance in L* (32.1%) whereas differences between endosperm types contributed the largest to variances in a* (39.5%) and b* (46.5%). Variances due to differences between populations for L* (25.9%), a* (19.7%), and b* (18.4%) ranked second and were all significant. Genotypes within populations displayed a marginally significant difference for a* (p = 0.06) but not for L* or b*. Variances due to differences between endosperm types were significant for all three kernel color space descriptors; their means were highly significant, with the translucent endosperm type having larger values (more negative a* values) than the opaque endosperm type.
There were no significant differences between mean L* and b* values due to heterotic groups. However, the non-stiff heterotic group had significantly larger (i.e., more negative) a* mean value as compared to the stiff stalk heterotic group. Nevertheless, variances due to differences between these groups were small (<5.6%) and nonsignificant. Variances due to inbreeding stage were marginally significant and their means displayed significant differences between two inbreeding groups for each of L* and a* and between three inbreeding groups for b*.
Diversity Analyses
The statistical moments, correlation coefficients, and frequency distribution of Ht, Hs, and Gst coefficient (Fig. 3) suggested that a large (Hs = 0.63) portion of Ht is partitioned within populations while the Gst coefficient comprised a relatively small portion of that variation. Both Ht and Hs were negatively skewed, Gst was positively skewed, and all three variables had positive kurtosis. The overall correlation coefficients between Ht and each of Hs (r = 0.53, p = 0.01) and Gst (r = 0.36, p = 0.01); although significant, they were not exceptionally high while the Gst coefficient was negatively and significantly (r = -0.60, p = 0.01) correlated with Hs.
Total diversity and Hs for each of kernel physical, biochemical, nutrient, and color traits exhibited wide ranges of values and linear relationships depending on the main source of variation used to calculate these statistics (Fig. 4) . The largest ranges in variation of Ht for kernel physical, biochemical, nutrient, and color traits were associated with the level of inbreeding. For kernel physical traits the widest ranges for Ht and Hs were associated with level of inbreeding followed by heterotic groups and endosperm type. Total diversity for physical traits based on endosperm type was marginally correlated with Hs (r = 0.42, p = 0.08), and the latter can be estimated with small certainty (R 2 = 0.18). Stronger relationships were found between Ht and Hs of biochemical traits as compared to kernel physical traits. The strongest relationship between Ht and Hs was found for endosperm type (r = 0.87, p = 0.0001) where Hs can be estimated with high certainty (R 2 = 0.75). Although the correlations between Ht and Hs based on inbreeding stage (r = 0.41, p = 0.009) and heterotic group (r = 0.47, p = 0.06) were significant, the level of certainty in estimating Hs in these two cases remained very small (R 2 = 0.16 and 0.22, respectively). The strongest and highly significant correlations (p = 0.0001) were found between Ht and Hs for nutrient content for all three sources of variation. However, Hs can be predicted as a function of Ht with high (R 2 = 0.70 for endosperm type) and moderate (R 2 = 0.57 for heterotic group and 0.52 for inbreeding level) certainty. Finally, a significant correlation between Ht and Hs for kernel color was found for heterotic group (r = 0.83, p = 0.04) but not for inbreeding stage (r = 0.41, p = 0.13) or endosperm type (r = 0.14, p = 0.80).
Trait -------------------Loadings or correlation coefficients -------------------
A diverse set of regression coefficients (b values) differentiated between kernel traits based on the main source of variation used in building the respective regression models. Significant b values for biochemical traits ranged from a minimum of 0.53 (p = 0.009), when based on inbreeding stage, to a maximum of 0.99 (p = 0.06), when based on heterotic groups. The exception was the regression coefficient for biochemical traits based on endosperm type (b = 1.4).
The relationships between Ht and Gst were predominantly linear and mostly positive but not always significant (Fig. 5) . None of the relationships between Ht and Gst were significant when heterotic group was used as a main source of variation, except in case of kernel physical traits (r = 0.61, p = 0.007). Population differentiation of kernel physical, biochemical, and nutrient traits but not color traits increased linearly and significantly as Ht increased when level of inbreeding was used as main source of variation. In this case, Gst can be predicted with decreasing certainty (R 2 = 0.41, 0.22, 0.12, and 0.1) for kernel physical, nutrient, color, and biochemical traits, respectively. Finally, positive and significant relationships between Ht and Gst were found for kernel physical (r = 0.48, p = 0.04) and color (r = 0.87, p = 0.02) traits, a positive and nonsignificant relationship (r = 0.17, p = 0.45) was found for kernel nutrients, and a negative and significant relationship (r = -0.58, p = 0.02) was found for kernel biochemical traits when endosperm type was used as a main source of variation.
A preliminary comparison between regression models for kernel traits when different sources of variation were used in developing these models suggested that higher levels of population differentiation of kernel physical traits are expected as Ht increases when based on heterotic group and level of inbreeding (b = 1.2 in both cases) than when based on endosperm type (b = 0.6). Similarly, larger Gst for biochemical and nutrient traits is expected as Ht increases, with b = 0.54 and 0.42, respectively, based on level of inbreeding as a main source of variation. The negative and significant correlation between Ht and Gst for biochemical traits when based on endosperm type suggested that Gst is expected to decline (b = -0.79) as Ht increases while Gst for kernel color is expected to increase by more than one unit (b = 1.1) with each unit increase in Ht.
All correlations between Hs and Gst were negative and significant (Fig. 6) , with two exceptions. Two nonsignificant correlations were found for kernel color when heterotic group (r = -0.29) and endosperm type (r = -0.36) were used as sources of variation. A wide range of certainties (R 2 ranged from 0.6 to 0.83) in predicting Gst as a function of diversity within populations can be deduced from the regression models. Population differentiation can be predicted with large and significant certainties for kernel physical (R 2 = 0.60) and biochemical traits (R 2 = 0.83) but with relatively smaller and less significant certainties for nutrients (R 2 = 0.28) when heterotic group was used as a main source of variation. *Significant at the 0.05 probability level. This indicates a significant difference between means within traits of opaque and translucent endosperm types or between stiff stalk and non-stiff stalk heterotic groups. † Means within traits followed by the same letter do not differ significantly (Duncan's multiple range test, 5%).
The level of inbreeding was a strong source of variation to use in predicting Gst as a function of Hs for all kernel traits except nutrients. All correlation coefficients between Gst and Hs were negative and significant although they ranged in magnitude from large (r = -0.74 for kernel physical traits) to small (r = -0.25 for nutrients); consequently, the R 2 values were medium (0.51 to 0.55) to very small (0.06). Correlations between Gst and Hs were significant for kernel physical traits (r = -0.59) and biochemical traits (r = -0.91), marginally significant (r = -0.40) for nutrients, and nonsignificant (r = -0.36) for color traits when endosperm type was used as a main source of variation. Therefore, Gst can be predicted with reasonable certainty for biochemical traits (R 2 = 0.82) and to some extent for kernel physical traits (R 2 = 0.35). The expected rate of decline in Gst (expressed as b) as a function of Hs depended on the trait in question and on whether heterotic group, level of inbreeding, or endosperm type was used as a main source of variation for its prediction. The expected rate of decline in Gst for kernel physical traits is small (b = -0.84) when based on endosperm type and large (b = -1.34 and -1.35) when based on inbreeding level and heterotic group. A similar trend was observed for biochemical traits while different trends were observed for the nutrients and kernel color traits.
DISCUSSION
The commercial germplasm base of maize is not considered to be heterogeneous (Singh et al., 2011) nor does it represent unimproved or unselected germplasm. The latter is considered to be an important genetic resource needed to protect the gains in maize yield, drive increases in genetic yield potential (Ortiz et al., 2010) , and improve the nutritional quality of the crop (Mittelmann et al., 2011) . End-use quality (Ortiz-Monasterio et al., 2007) as well as early performance and growth of agricultural crops are Table 5 . Percent variance and its level of significance (P) due to main effects of five sources of variation [i.e., populations, genotypes(populations), endosperm type, heterotic group, and selfing stage], least squares mean, and coefficient of variation (CV%) for kernel macro-and micronutrients in maize populations.
Variance component Category
Macro-and micronutrients *Significant at the 0.05 probability level. This indicates a significant difference between means within traits of opaque and translucent endosperm types or between stiff stalk and non-stiff stalk heterotic groups. † Means within traits followed by the same letter do not differ significantly (Duncan's multiple range test, 5%).
affected by seed quality (Goggi et al., 2008) . Therefore, understanding the relationships among and within nutritionally and industrially important traits in the maize kernel with the concomitant goal of improving its end-use value is increasingly an important objective for breeders, agronomists, and farmers. The objective of the breeding program that generated the germplasm was to develop highquality maize varieties with enhanced levels of protein and the essential amino acids cysteine, lysine, and methionine without compromising the agronomic competitive ability of the newly developed varieties.
The germplasm evaluated in this study (Table 1) included three (B73, LH82, and Mo17) of the seven inbred lines considered as most important commercial maize genetic resources in the United States (Singh et al., 2011) . Two of the inbred lines represented in the genetic background of this germplasm (B73 and Mo17) and their respective mutants provide excellent variation in endosperm texture and hardness as well as associated variation in zein composition (Fox and Manley, 2009) . Exotic germplasm was represented in the genetic background of a large portion of the evaluated germplasm, including Corn Belt, Native American, and "tropical" Central and South American maize landraces. Although the integration of tropical maize germplasm into local breeding programs has been hindered by lack of adaptation of this germplasm to Corn Belt environments (Scott and Blanco, 2009) , it was successfully incorporated into the genetic background of some populations in this germplasm. It is considered a potentially valuable source of genetic diversity for the improvement of U.S. Corn Belt varieties. Maize landraces have not been selected to perform under high inputs; however, they have not undergone inbreeding and are characterized by having more protein and less starch as compared with maize inbreds (Flint-Garcia et al., 2009 ). Many studies Skogerson et al., 2010) suggested a high level of natural variability inherent to the biochemical composition of maize. Cultivation in different regions and under contrasting management practices may have contributed more than genetic modification to compositional differences between maize varieties .
The study of a large number of accessions (1348) and kernels (13,480) with different combinations of genetic backgrounds, heterotic groups, inbreeding levels, endosperm types, and nutritional quality represents the first extensive grain quality characterization performed on this diverse germplasm. This wide genetic base and the large number of kernel traits (31) in the study provided an opportunity to identify sources of variation, analyze genetic diversity, and quantify multivariate relationships between several physical, biochemical, nutrient, and color traits of the maize kernel.
Multivariate and Near-Infrared Spectroscopy Analyses
The comprehensive characterization of this germplasm was achieved by combining rapid testing for grain physical, biochemical, nutrient, and color quality traits using a number of analytical and multivariate statistical analysis procedures. Computerized seed imagery and several multivariate calibration and validation statistical techniques, such as ANN, PCA, PLS, and variance components estimation, are instrumental in extracting the desired biological, chemical, and physical information from large datasets (Payne et al., 2007) . All of these techniques have been successfully used in building and analyzing the database in the current study and in testing the reliability of its results. However, regardless of the multivariate statistical analysis procedures used, there appears to be a complex interaction between the expression of these traits that depends on the genetic background (Cañas et al., 2011) . The NIRS predictions approached the accuracy of reference analytical tests we performed on subsamples of the germplasm collection for protein (r = 0.97, p < 0.01), oil (r = 0.97, p < 0.01), and starch (r = 0.93, p < 0.03) in this study. Similar accuracy levels have been reported on quality screening of early-generation material in cereal breeding programs (Osborne, 2001; Spielbauer et al., 2009) , protein, tryptophan, and lysine in maize (Rosales et al., 2011) , protein and starch in common bean (Phaseolus vulgaris L.) (Hacisalihoglu et al., 2010) , and protein and several amino acids in peanut (Arachis hypogaea L.) (Wang et al., 2012) .
Kernel Physical Traits
The PCAs ( Fig. 2; Table 2 ) allowed the identification of single traits or groups of traits linked, directly or indirectly, to other traits or to populations in a multivariate and complex manner (Cañas et al., 2011) . The physical shape and structure of kernels have been shown to affect hardness (Fox and Manley, 2009 ). Dent maize is softer than flint although there could be soft and hard endosperm within a single kernel. Kernels with opaque endosperm had smaller dimensions and were more circular with lower moisture and higher protein contents than those with translucent endosperm, despite the similarity in mean protein contents of opaque and translucent endosperm (12.9) (Table 4), the opaque endosperm was associated with larger protein content on PC1 (Fig. 2) , which explained 0.47 of total variation.. Protein content (mean 12.92%) but not starch content (67.29%) plays a major role in determining density (and consequently hardness) of maize kernels although it makes up a much smaller content than starch (Fox and Manley, 2009) .
Kernel weight and density did not display strong association with the level of inbreeding or selection (Fig. 2) as suggested by Scott et al. (2008) . Evidently, the relationships between these and other kernel physical traits are population dependent (Seebauer et al., 2010) . Nevertheless, physical differences in kernel density, hardness, and resistance to grinding as well as the attending differences in chemical composition may affect livestock performance (Prandini et al., 2011) whereas kernel hardness traits are negatively correlated with feed conversion and ruminal propionate concentration in livestock (Moore et al., 2008) .
Kernel Biochemical and Nutrients Composition
Several authors (Nuss and Tanumihardjo, 2010) reported on "typical" kernel composition values for the commodity yellow dent maize (approximately 72.0% starch, 9.5% protein, 4.5% oil, 1.5% ash, and 2.5% sugars on dry matter basis); the average starch, protein, and oil estimated for this germplasm (67.29, 12.92, and 4.93%, respectively; see Table 4 ) are above most mean values reported in the literature . However, kernel moisture content, which is one of a few traits significantly influenced by the environment at harvest (mean 9.33%), displayed the largest variation (CV = 26.5%).
Modern maize breeding and selection targeted seed size and starch content, which became of interest as a source of ethanol (Fox and Manley, 2009 ) at the expense of protein content and its associated amino acids (Flint-Garcia et al., 2009) . Variation in biochemical composition (CV ranged from 2.89% for starch to 15.87% for protein; see Table 4 ) provides an opportunity for selecting accessions with improved kernel quality, including higher contents of the essential amino acids cysteine, lysine, and methionine. Two inbreds (B73 and Mo17) included in this study typically have low protein (11.06 and 11.9%, respectively) and large starch (73.31 and 71.94%, respectively) contents (Flint-Garcia et al., 2009 ). The population derived from B73 loaded on the positive side of PC1 (Fig. 2) with larger protein (>12.92%) and smaller starch (<67.29%) contents than the overall mean whereas the population derived from Mo17 loaded on the negative side of PC1 with larger protein and smaller starch contents than the respective means.
This germplasm may provide an opportunity to simultaneously select accessions with high starch and oil contents; both biochemicals had positive and large loadings on PC1 and PC2, respectively (Table 2) , and are localized in different parts of the kernel (Chander et al., 2008) . Although C and N assimilations are strongly linked, a larger C:N ratio (Fig. 2) , which represents the capacity of the kernel to store more carbohydrates, may be associated with the accumulation of starch over oil (Cañas et al., 2011) . This can be deduced from loadings of starch and oil on and correlation coefficients of C, N, and C:N with PC1 and PC2 (Table 2) . Maize genotypes capable of maintaining a higher C:N of assimilate transport can produce kernels with higher starch:protein ratios such as the four populations in quadrant II (Fig. 2) that were mainly in the stiff stalk heterotic group, (Seebauer et al., 2010) .
Average amino acid contents (Table 4) were comparable to or higher than those reported for a high-yielding hybrid dent, hybrid semiflint, quality protein maize variety, and unimproved maize landrace (Fufa et al., 2003) . Dynamics of cysteine and methionine are closely correlated with each other and with protein (Fig. 1) ; lysine, on the other hand, is slightly different and all three amino acids can be estimated from reference protein values (Rosales et al., 2011) because Figure 4 . Statistical relationships and test of significance of total diversity (Ht) and diversity within populations (Hs) for each of kernel physical, biochemical, chemical, and color traits based on heterotic group, inbreeding status, and endosperm type in 13 maize populations.
of the existence of strong positive correlations as can be deduced from PCA (Table 2 ) and trait associations (Fig. 2) .
The large loadings of macro-and micronutrients on PC1 (except Ca) and their significant correlation coefficients with PC1 derived from biochemical traits (Table 2 and as verified in Fig. 2 ) indicated co-localization and strong association with protein, especially in kernels with opaque endosperm. Macronutrients were less variable than micronutrients, with C being the least (CV = 0.72%), N (CV = 16.43%) intermediate, and Ca (CV = 40.4%) the most variable (Table 5) . Most if not all micronutrient concentrations in the maize kernel (Ortiz-Monasterio et al., 2007) and other field crops (Murphy et al., 2008) are limited by their availability in the soil. Copper displayed the largest variation (CV = 82.3%) while S, a critical micronutrient in the biosynthesis of protein, cysteine, and methionine (Bellaloui et al., 2011) , is more conserved and displayed the smallest variation (CV = 12.4%).
Kernel Color Patterns
Modern maize varieties show little variation for kernel color (Floyd et al., 1995; Orak et al., 2010) . Kernel color patterns of this germplasm, as quantified by the L*, a*, and b* color space descriptors, were more variable than commercial yellow dent maize (Orak et al., 2010 ). At the whole germplasm level (Table 6) , breeding lines in this germplasm exhibited large mean values but small variation for L* (light-colored kernels; CV = 3.2%), large negative mean values and large variation for a* (red; CV = 16.07%), and large mean values and moderate variation for b* (yellow; CV = 10.9%).
Loadings and associations of L*, a*, and b* on PC1 and PC2 (Fig. 2) are indicative of the tremendous color variability in this germplasm. Typically, L* and (more negative) a* are positively correlated while L* and b* are negatively correlated (Itle and Kabelka, 2009 ). There were significant negative (r = -0.69) and positive (r = 0.63) correlation coefficients of L* and b* with PC1 derived from physical kernel traits (Table 2 ). Loadings on PC1 and PC2 indicated a strong positive and a weak negative association between L* and b*, respectively. However, the negative association between L* and a* on both PCs is a result of the slightly negative a* values (mean of -3.7). Higher values of red color (negative a*) (Fig. 2) and negative correlation (r = -0.31) with PC2 derived from Figure 5 . Statistical relationships and test of significance of total diversity (Ht) and population differentiation (Gst) coefficient for each of kernel physical, biochemical, chemical, and color traits based on heterotic group, inbreeding status, and endosperm type in 13 maize populations.
biochemical traits with large loading of oil (0.87) ( Table 2) may indicate higher content and activity of peroxidase and lipoxygenase; these enzymes are positively correlated with oil, protein, and Fe contents (Orak et al., 2010) . Also, increase in yellow color (b*) may reflect higher carotenoid content or lower C18:2 and C18:3 fatty acid contents (Orak et al., 2010; Kuhnen et al., 2011) and is positively correlated on PC1 with starch content (Fig. 2) .
Physicochemical Trait Relationships
Carbon and N assimilations are strongly linked (Cañas et al., 2011) and are associated with some physical traits (e.g., kernel weight) and with most biochemical and all nutrients, except Ca ( Table 2 ). The correlation between protein content and density, although expected to be positive (Seebauer et al., 2010) , is population dependent and is influenced by the endosperm type. Denser kernels (e.g., population NG-Mo508-Mo506) are expected to have higher protein (Flint-Garcia et al., 2009 ) and hence the negative correlation between protein content and kernel weight on PC1 (Fig. 2) .
Interrelationships between kernel weight, starch, protein, and oil in this germplasm are complex ( Fig. 2; Table 2 ) and, for the most part, conform to those frequently reported in the literature (Chander et al., 2008) . However, populationdependent positive loadings of oil and starch on PC1 may suggest the likelihood of simultaneous selection for both traits in some populations. The interrelationships between cysteine, lysine, and methionine and their interaction with protein, oil, starch, and nutrients are in agreement with earlier reports on maize (Olsen et al., 2003; Jamal and Abdin, 2010) and soybean [Glycine max (L.) Merr.] (Bellaloui et al., 2011) . At a multivariate level, cysteine, lysine, and methionine were correlated with PC1 derived from nutrients, which has (in decreasing order) high loadings of Mn, Mg, P, S, Zn, K, Fe, and Cu (Table 2 ). These correlations may suggest a possible role of these nutrients in seed biochemical composition (Bellaloui et al., 2011) . The strong associations of Fe and Zn with cysteine, lysine, and methionine and with protein and the strong association of S with cysteine and methionine (Table 2; Fig. 2 ) reinforce the importance of macro-and Figure 6 . Statistical relationships and test of significance of diversity within populations (Hs) and population differentiation (Gst) coefficient for each of kernel physical, biochemical, chemical, and color traits based on heterotic group, inbreeding status, and endosperm type in 13 maize populations. micronutrients, not only for their specific nutritional value (Welch and Graham, 2004) but also as determinants of protein quality (Jamal and Abdin, 2010 ) and for their direct or indirect role in oil biosynthesis (Thomison et al., 2003; Bellaloui et al., 2011) .
Sources of Trait Variation
Historically, the composition of maize kernel exhibited clear trends with time (Scott and Blanco, 2009) , with protein decreasing and starch increasing. Similarly, on a per tissue mass basis, the level of the amino acids lysine and methionine and nutrients also decreased over time (Welch and Graham, 2004; Rosales et al., 2011) . Food, feed, and industrial applications require maize kernels with certain levels of desirable physical, biochemical, nutrient, and color traits (Seebauer et al., 2010; Taboada-Gaytan et al., 2010) . Some of these traits, such as amino acids, need in-depth analysis to identify their sources and quantify their levels of variation; other traits, such as starch, oil, and crude protein (Kaur et al., 2010) , can be assessed visually and indirectly using covariance analysis. In this study, the multivariate analysis procedures were instrumental in identifying sources of variation and in partitioning total variation into its components to facilitate the selection and potentially combining desired levels of quality traits appropriate for a particular end-use application (Nuss and Tanumihardjo, 2010) .
On average, the main sources of variation in this study explained 60, 68, 46, and 89% of the total variation in physical, biochemical, nutrient, and kernel color traits, respectively. The careful choice of parents and the crossing and inbreeding scheme succeeded in generating large levels of variation among genotypes within populations for most traits (e.g., 27.2% for kernel density, 33.8% for lysine, 15.9% for S). However, variation among populations was predominantly the largest for kernel weight (36.4%), Fe (14.9%), and Zn (14.2%).
Quality Assessment
An important concept in improving kernel quality of maize is increasing the contents of cysteine, lysine, and methionine as limiting essential amino acids through breeding and selection (Flint-Garcia et al., 2009 ) to replace expensive supplements in maize-based human food and animal feed (Scott and Blanco, 2009 ). However, kernel contents of protein, oil, and starch as well as nutrient concentrations and kernel physical characteristics are important quality attributes (Moore et al., 2008; Goggi et al., 2008) . The simultaneous improvement of some of the biochemical traits in maize while maintaining high grain yield, although difficult, is considered feasible (Mittelmann et al., 2011) . There is ample variation for and interrelationships among multiple traits in this germplasm that can be manipulated by breeding and selection to develop maize varieties with a desired set of trait combinations. This analysis indicated the feasibility of combining high protein and increased essential amino acid contents, high starch and high oil contents, or high macroand micronutrient concentrations while at the same time maintaining acceptable kernel weight and incorporating desired kernel color attributes in new varieties (Chander et al., 2008; Scott et al., 2008) . High levels of lysine and methionine were achieved in some of the opaque breeding lines ( Fig. 2; Table 4 ). Even with such breakthroughs in high quality varietal development , the overall maize nutritional quality may not reach the level of wheat (Triticum aestivum L.) (Murphy et al., 2008) but may become slightly better than that of rice (Oryza sativa L.) as human food (Nuss and Tanumihardjo, 2010) .
Germplasm accessions derived from landraces (Orak et al., 2010 ) are a rich genetic resource for high pigment levels. Incorporating genes for kernel color in new commercial varieties may improve food, feed, and industrial quality of maize products. In addition, these "color markers" exhibit significant relationships with oil, crude fiber, and protein in the kernel (Kaur et al., 2010) and may serve as markers in breeding and selecting high-quality maize varieties. Colored maize kernels, as quantified by L*, a*, and b* (Table 6) , can be used for the development of grain-based functional foods or as natural colorants besides their value as genetic resources in breeding programs (Kuhnen et al., 2011) .
CONCLUSION
One of the most serious unintended consequences of longterm selection in the context of commercial maize breeding was the loss of genetic variation due to excessive gametic linkage disequilibrium. To reverse this trend, maize breeders will need readily available and widely variable germplasm to continue yield increases and to improve multiple quality traits. We identified sources of variation of single and multiple quality traits, determined the level of genetic diversity present in a wide pool of maize germplasm, and quantified phenotypic variation that may be useful for developing high-quality maize varieties. The germplasm and information are also of value for genetic studies to investigate the genetic architecture of relevant quality traits. We developed a relational database and constructed a complex array of direct and indirect relationships between and within physical, biochemical, nutrient, and color traits of maize kernels that can be used for further research and for in-depth understanding of its diversity structure. We found genotype-and population-specific differences for multiple traits, thus making it applicable to focus on a set of traits that are correlatively expressed for breeding and selection purposes.
